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Main Advantages of SiC:  
• Advanced Microelectronic Devices & Sensors 
• Ceramic 
• Very Inert Chemically 
• Interesting Mechanical Properties 
  (hardness, composite materials) 
• Biocompatible 
• Resistant to Radiation Damages  
  (suitable for hostile environments, e.g. in 
   fuel rods for 3rd generation nuclear reactors) 
• Large high quality single crystal wafer 
• Same native oxide as Si: SiO2  
 
SiC is a IV-IV compound Wide Band Gap semiconductor (from 2.4 eV to 3.3 eV)  
SiC has more than + 170 polytypes:   
Hexagonal phase (α-SiC) 6H-SiC, 4H-SiC ….  -   Cubic phase (β-SiC) 3C-SiC  
Stress/Strain driven surface structure: Lattice mismatch: -20% (Si) & +22% (diamond) 
High power/high temperature devices 
High speed logic devices 
Si  GaAs        GaN        SiC           C (diamond) 
1  1.5         ≤ 500      ≤ 1000      ≤ 10,000 
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Energy 
• High Power  
  Electronic Devices  
• Energy Saving in    
  Power Distribution  
Space 
• Reduction of spacecraft launch weights  
• Satellite functional capacities increase  
• Radiation resistant electronics  





Nébuleuse de l’Aigle 
• High Temperature Sensors/Electronics 
• Power Devices    • Hybrid Cars 
   Better combustion monitoring and control  
Automobile and Transportation 
Aeronautics 
High Temperature Sensors 
and Control Electronics 
• weight savings 
• increased performances 
• increased reliability  
Airbus A380 
Communications and Radar 
• High Power 
Microwave Devices 
MOSFET Thales  
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Benefits of SiC in Microelectronics  
TGV: 575 Km/h 
Rafale 
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Computer Speed vs Synchrotron Radiation Brilliance 
Electrons vs Photons 
SR: x 3 in 18 months 
Moore´s law: 
x 2 in 18 months 





Toyota & Denso 
Diamond	

Graphene on SiC wafer	






• We are reaching fundamental limits:	

  1 - Our ability to fabricate smaller e.g. with lithography using electrons/photons	

  2 – Also at small scales, temperature becomes a Major problem because 	











• So, other approaches are necessary, like the Bottom-Up approach, 	









• Also, one has to keep in mind that, at the atomic scale, the physical properties 	

  are very different	









• 3C-SiC(100) Surfaces Reconstructions: from Si-rich to C-rich  
 
• Massively Parallel Si Atomic Lines at SiC surfaces 
  
• Selective Metal Atom (Ag) Interaction and Diffusion at SiC Surfaces 
 
• From a Passive to an Active Massively Parallel Architecture 
     - Negative differential resistance at Ag/Si nanowires 
 
• sp3 “diamond-like” SiC Surface Transformation 
      
• Nanochemistry at 3C-SiC(100) 3x2 and 6H-SiC(0001) 3x3 Surfaces 
     - the 1st example of H/D-induced semiconductor surface metallization 
 
• sp2 SiC transformation: Epitaxial Graphene  
    - Morphology and Electronic Properties 
   
 
Experimental Tools: 
• Atom-resolved scanning tunneling microscopy & spectroscopy (electrons/photons) 
• Synchrotron radiation-based photoelectron diffraction and spectroscopy (PED & PES) 
• Synchrotron radiation-based grazing incidence X-ray diffraction (GIXRD) 








Cubic Silicon Carbide: 3C-SiC(100)	





Ø  The 3C-SiC(100) surface is polar unlike elementary group  IV semiconductors	

Existence of numerous different reconstructions	

(~ 10 in a  200°C temperature range)	

Ø  In the [001] direction, stacking of alternating C and Si planes	

	
















3C-SiC(100) thin film grown by CVD 	

on a Si(100) wafer	

Si(100) wafer 





Phys. Rev. Lett. 77, 2013 (1996) 
Phys. Rev. B 68, 165321/1-8 (2003) 
Phys. Rev. B 70, 045317/1-11 (2004) 
Phys. Rev. Lett. 79, 2498 (1997) 
Surf. Sci. Lett. 401, L395 (1998) 
Surf. Sci. Lett. 440, L285 (1999) 
Microelectronics J. 36, 969 (2005) 
Mat. Sci. For. 556, 533 (2007) 
Phys. Rev. Lett. 78, 907 (1997)  
Phys. Rev. Lett. 82, 3721 (1999) 
Phys. Rev. B 62, 12660 (2000) 
Phys. Rev. B 69, 245326/1-9 (2004) 
Phys. Rev. B 75, 195315/1-13 (2007)  
Phys. Rev. Lett. 79, 3700 (1997) 
Phys. Rev. Lett. 81, 5868 (1998) 
La Recherche 321, 38-41 (1999) 
Surf. Sci. Lett. 446, L101 (2000) 
J. Phys. Cond. Mat. 16, S1611-1658 (2004) 
sp2 Carbon Nanotubes/Graphene 


















Cubic Silicon Carbide Polytype 
Si-rich 3C-SiC(100)3x2 Structure by 	

STM, GIX-Ray     & Photoelectron         Diffraction	
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Alternately Long &Short Dimers ALDS-TAADM Model      	

1 st  layer 
2 nd  layer 
A U  : up atom 
A D  : down  atom 
D L : long  dimer 
D S : short dimer 
  
1 st  Si layer (1/3 ML) 
2 nd  Si layer (2/3 ML) 
3 rd   Si layer (1 ML) 
C layer  
A U A D 






















































• Alternately Up- and Down Dimers (AUDD) Rows	

• Alternate lengths: Up/Long - Down/Short 	

• the AUDD array reduces the surface strain	

• No c(4x2) & No AUDD without 3% strain	

Si-terminated 3C-SiC(100) c(4x2) Surface 	

by STM, PES, Theory & PED	
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From Single/Isolated- to Massively Parallel Atomic Lines 
Si-rich 3C-SiC(100) 3x2 
Si-terminated 3C-SiC(100) c(4x2) 


















Imaging Si atomic lines 	

at very high temperatures 	

Probably the highest atomic line density ever achieved:	

 ≥ 10+7 channels/cm	

Massively Parallel Self-Organized Atomic Lines 	

on Si-terminated 3C-SiC(100) c(4x2) surface	

Very Long (>> 1µm)	

> 4000 atoms aligned	







Massively  Parallel Si Atomic Lines on Silicon Carbide 
















Soukiassian, Semond, Mayne, Dujardin, Phys. Rev. Lett. 79, 2498 (1997) 
Soukiassian, Dujardin, La Recherche 321, 38 (1999) 
Aristov, Douillard, Soukiassian, Surf. Sci. Lett. 440, L 285 (1999) 
Soukiassian, Enriquez, J. Phys. Cond. Mat. 16, S1611 (2004) 
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Dimer Line Vacancies Niobium Comb (lithography) 	

Branches: length 20 µm, width 200 nm, spacing 2 µm	

10 µm x 10 µm	
 15 nm x 15 nm	

Nb Ohmic Contact 
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0.3 ML Ag/3C-SiC(100) 3x2 
Ag cluster formation 
on site Ag atom adsorption 
on the dimer rows 
 Si-Si up dimer 
 Si-Si down dimer 
Ag atom Up -Up -
Down - Down - Down -
Up - Up -
Ag atom 
Up - Up -
Down -
























on the 3x2 surface: 
 • Ag-Ag interaction dominant               Ag Cluster Formation 
 
on the c(4x2) surface: 
 • Ag-Ag and Ag-surface interactions are about same 
                Ag atoms follow substrate registry along Si dimer rows  
 • Ag atom adsorption between an Up- and a Down-Dimer 
Ag/3C-SiC(100) c(4x2) and 3x2 Surfaces 
Ag/c(4x2)  Ag/c(4x2)  
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Anisotropic Ag atoms diffusion at RT 
70 Å x 70 Å 
• Ag-Ag slightly over Ag-surface interaction 
• Tend to form 1D segments and nanowires  
• Ag atoms diffusion along the Si dimer rows 
  i.e. along the         direction:  
  story of Ag atoms A, B, C and D 
]011[
]110[













































Dynamics of Ag atoms by STM  
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Ag Atomic Wires and Stripes ⊥ to Si Atomic Lines   
]110[
] 0 1 1 [ 
Ag atomic  
wire 
Ag Stripes along [110] 
Ag Atom Wire along [110] 
D’angelo, Aristov, Soukiassian, Phys. Rev. B 76, 045304 (2007) 
Ag atomic wire pair 
Si atomic line 
Ag Atomic Wire Pairs along [110] 
Annealing at 700°C : 
• leads to partial Ag removal 
• Temperature-induced barrier diffusion along the         direction - Si dimer rows   
• Dominant Ag-Ag interaction            Remaining Ag self-organized in Atomic Wires and Stripes 




Negative Differential Resistance at Ag/Si Nanowires on SiC: 




• Esaki discovered Negative Differential Resistance (NDR) 
   known as the “Esaki-Diode” - microscopic scale 
• Other examples of DNR at smaller scale (molecules, dopant) 
• covering Si Nanolines by Ag atoms leads to Ag/Si nanowires 
• exhibit a NDR behavior - from passive to active connectivity 
• New surface state SS at Ag/Si nanowires yields to Double Tunnel Barrier 
P. Soukiassian 
Silly, Charra, Soukiassian, Appl. Phys. Lett. 91, 223111 (2007) 
D’angelo, Aristov, Soukiassian, Phys. Rev. B 76, 045304 (2007) 
 
Network of Massively Parallel of Ag/Si Nanowires  
having a NDR Behavior  
Potentially very interesting for 
TeraHertz Applications 
Between Si atomic lines  Between Si atomic lines  
Scanning Tunneling  Spectroscopy I(V) around EF   
Surface State SS ≈ 1eV below EF 
specific of the Ag/Si nanowires 
Negative Differential Resistance   
(LEED) Powers, Wander, Rous, Van Hove, Somorjai, Phys. Rev. B 44, 11159 (1991)	

(NEXAFS) Long, Bermudez, Ramaker, Phys. Rev. Lett. 76, 991 (1996) 	
	

(STM) Derycke, Soukiassian, Mayne, Dujardin, Surf. Sci. Let. 446, L101 (2000)	























b b b a 
X X ’ 0.2 
b a a a 
• Triple bond C≅C dimers 	

• sp configuration (like acetylene)	

• Asymmetric triple bond C≅C dimers 	

• 2 types of defects: Antiphase Boundaries	

	























sp C≅C dimer 
in bridge site 
Derycke, Soukiassian, Mayne, Dujardin, Gautier, 
Phys. Rev. Lett. 81, 5868 (1998)	

sp to sp3 Diamond-type Transformation of 	













CNR, Parma, Italy &	

DOE, LLNL, Livermore, U.S.A.	

Catellani, Galli, Rigolli, 	





Scanning Tunneling Microscopy 
Upon atomic H exposures at 300°C: 
• H atoms terminate Si dangling bonds 
• periodicity remains 3x2 
• the Si-dimer become symmetric 
Scanning Tunneling Spectroscopy 
      Upon atomic H exposures at 300°C: 
      • Band Gap closing 
      • No Band Gap opening upon O2 up to 500 L 
50 Å 
Clean 3x2 3x2 + 10L H2 
3x2 + 20L H2 
50 Å 
- 3 - 2 - 1 0 1 2 3 
+ O2 
- 3 - 2 - 1 0 1 2 3 
20L H/3x2 







Vt (eV) Vt (eV) Vt (eV) 
H-induced 3C-SiC(100) 3x2 Surface Metallization 




Upon atomic H interaction (300°C):  
• S surface state quenched  • H-terminating top surface Si dangling bonds 
• Fermi level build-up        • New surface state at EF 
Atomic H/3C-SiC(100) 3x2  
Ultraviolet Photoemission Spectroscopy 




2.4 eV 1.9 eV 
0.5 eV 
E f Conduction Band 
Valence Band 
Clean  3x2 Hydrogenated  3x2 
n type 
Binding Energy (eV) 
Clean 3x2 
n type 








clean  3x2 
10 L H 
20 L H 






 4          3          2           1          0  
Binding Energy (eV)  










EF at Ta 
0 - 0.5 
Binding Energy (eV) 
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Multiple Reflexion Infrared Absorption Spectroscopy 
• H atoms bond to top surface Si-dangling bonds (in agreement with STM) 














  100 L H2 at 300°C  
2118 
2140 


























s - pol 


















• H atoms bond to top surface dangling bonds (1st plane)	

• Weakening of the back bonds	

• Asymmetric attack on Si-dimer in 3rd plane	

• H atom bonds to one of the Si atoms	










3rd plane  
Si-Si dimer 
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1st Example of H-induced semiconductor 
surface metallization 
H atoms interact at & below the SiC surface 
Derycke, Soukiassian, Amy, Chabal, D’angelo, Enriquez, Silly, Nature Materials 2, 253 (2003) 
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Silly, Radtke, Enriquez, Soukiassian, Gardonio, Moras, Perfetti, Appl. Phys. Lett. 85, 4893 (2004) 
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Hydrogen interaction with a SiC surface 
Graphene: A Zero Band Gap Semiconductor	

Graphene is a single atomic layer of graphite 	







• Very Large Phase Coherence Lengths:  > 1 µm at 4 K             	

• Unprecedented High Mobilities: µ = 250,000 cm2/V.s (Si: 1,360 cm2/V.s) 	
     High-speed Electronics	

• Charge carriers move at ≈ Zero Mass & Constant Velocity as Photons	

• Very large Spin diffusion lengths exceeding  > 100 μm 	
         Spintronics	

• Highest thermal conductivity, larger  > 12 times above Copper  	
      	
Nano-Electronics	





• Outstanding light absorber: 2.3% for 1 MLG 	
 Photonics, Lasers & THz technology	

Graphene: unprecedented characteristics: 	
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Hexagonal Silicon Carbide: α-SiC(0001) & α-SiC(000-1)  
Polytypes 
α-SiC(0001) Surface Reconstructions 
4H-SiC(0001) 6H-SiC(0001) 
650°C  + Si > 1200°C 1000°C 
Si-Rich Graphene/Graphitic Annealing 
 (0001) Face 
Si Face 
C Face 
1x1 3x3 √3x√3R30 6√3x6√3R30 2√3x2√3R 30°+3x3 
900°C 
Fabrice Amy, PhD Thesis (2000)  
Université de Paris-Sud/Orsay 
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Epitaxial Graphene on SiC: Exceptional Transport Properties 
Silicon Carbide surface: the Graphene sp2 transformation 
• Very Large Phase Coherence Lengths:  > 1 µm at 4 K              
• Unprecedented High Mobilities: µ = 250,000 cm2/V.s Si: 1,360 cm2/V.s 
• Charge carriers move at ≈ Zero Mass & Constant Velocity as Photons 
• Very large Spin diffusion lengths exceeding  > 100 µm !
! Graphene now on the “Road Map” 
Quasiparticle Dynamics 
Morphology: Graphene on  
Si-terminated 6H-SiC(0001)  
Walt de Heer 
• 2009 Nanoscience Prize 
• 2010 MRS Medal 
Graphene on Cubic 
3C-SiC(100) & (111) 
Russian Academy of Science 
Electronic Confinement 
& Coherence 
Berger et al., J. Phys. Chem. B108, 19912 (2004) & Science 312, 1181 (2006); Rotenberg et al., Science 313, 951 (2006); 
Lanzara et al., Nature Mat. 6, 770 (2007); Conrad et al., PRL 100, 125504 (2008) & J. Phys. D 43, 374006 (2010); 
Veuillen et al PRL 101, 206802 (2008); Virojanadara et al PRB 78, 245403 (2008); Haddon et al JACS 131, 1336 (2009); 
Seyller et al., Nature Mat. 8, 203 (2009); Stroscio et al., Science 324, 924 (2009); Sprinkle et al. PRL 103, 226803 (2009); 
Suemitsu et al., e-JSSNT 7, 311 (2009) & J. Phys. D 43, 374012 (2010); Aristov et al., Nano Lett 10, 992 (2010); 




(√13 x √13)G R46.1º 
2 sheets with a relative 
rotation of 27.80 
C-Face: Multilayer Graphene decoupled one from each other 
STM: Moiré pattern	

1st Direct Observation of Nearly 
Ideal Graphene Band Structure  
Dirac Cones at Γ point 
for 3 rotated Graphene layers 
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Graphene Layer Morphology 
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• Hass, Varchon, Millan-Otoya, Sprinkle, Sharma, de Heer, Berger, First, Magaud, Conrad, PRL 100, 125504 (2008) 
• Sprinkle, Soukiassian, de Heer, Berger, Conrad, PSS - RRL 3, Expert Opinion, A91 (2009) 
• Sprinkle, Siegel, Hu, Hicks, Tejeda, Taleb-Ibrahimi, Le Fèvre, Bertran, Vizzini, Enriquez, Chiang, Soukiassian,  






• John J. Boeckl & Weije Lu, US Air Force Research Labs, USA 




• Strain-driven 3C-SiC(100) Surfaces Reconstructions  
     - Leads for each of them to have very different properties and reactivity 
 
• Nanochemistry at 3C-SiC(100) 3x2 Surface 
    - THE 1st example of H/D-induced semiconductor surface metallization 
     - Especially exciting for interfacing with biology 
  
• Massively Parallel Si Atomic Lines at SiC surfaces  
    - Unsurpassed high integration density - Unsurpassed temperature resistance 
    - up to 900°C 
 
• Selective Metal Atom (Ag) Interaction and Diffusion at SiC Surfaces 
     - Ag-Ag atom vs Ag-substrate interaction 
 
• From a Passive to an Active Massively Parallel Architecture 
     - Negative differential resistance at Ag/Si nanowires – Interest in THz technology 
 
• sp - sp3 “diamond-like” SiC C-face Surface Transformation 
 
• sp2 SiC Surface Transformation: Epitaxial Graphene 
    - Graphene: a Specific Reconstruction of the SiC surface  
    - Morphology and Electronic Properties  
     - Ideal graphene electronic band structure measurements 
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